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Abstract
Diploporan echinoderms were one of the most speciose groups of stemmed echinoderms
during the Ordovician. Despite this widespread abundance, the fossil record of diploporan fauna
consists primarily of incomplete specimens, with complete specimens being rare. While the
theca, or body, is more commonly preserved, the feeding appendages and the attachment
structures (i.e. stems or holdfasts) are seldomly preserved. Insight into these features is highly
valuable to the understanding the paleoecology, like the feeding and respiratory strategies, of
these enigmatic creatures.
One group of diploporan echinoderms which does have an extensive fossil record, is the
Holocystites Fauna, primarily known from the Silurian of North America. The first chapter of
this thesis will describe three specimens of this group which display preservation not previously
observed in the extensive record of the Holocystites Fauna. These preserved features include
descriptions of the feeding appendages, oral cover plates, and anal cover plates. Also described is
a new species of diploporan echinoderm, Eucystis xxxxxx, from the Silurian of Missouri, USA
(species name redacted pending formal publication). The description of the new species from the
genus Eucystis Angelin, 1878 expands our knowledge from a time period where few articulated
fossils exist. This example represents the first known occurrence of Eucystis in Laurentia. This
find also expands this taxon’s already extensive biogeographic range and follows trends laid out
in recent biogeographic studies which suggest an important speciation pathway from Baltica to
Laurentia in the Ordovician–Silurian.

vi

The second chapter builds upon the first by using these new descriptions of arm
structures to create 3D digital models of feeding morphology in two disparate diploporan taxa,
Holocystites Hall, 1861 and Eumorphocystis Branson & Peck, 1940.These models are then used
in a computational fluid dynamic (CFD) study which, is the first of its kind performed on
diploporan echinoderms. Though these specimens lack closely related, extant modern analogs,
the results of this study indicate that these animals utilized feeding strategies observed in other
echinoderms and modern marine suspension feeders.

vii

Chapter One: Silurian Taphonomy
1.1 Introduction
Examples of Silurian-age blastozoan echinoderms are rare in the fossil record (Sheffield
et al. 2018). This scarcity can generally be attributed to the global regression spanning the Late
Ordovician to the early Silurian, brought about by the end-Ordovician glaciation (Peters &
Ausich 2008; Sheffield et al. 2018). Further compounding the lack of fossil deposits is that
blastozoans are typically disarticulated quickly after death (Brett et al. 1997; Sheffield et al.
2017). This scarcity has limited our ability to further understand evolutionary trends (e.g.
phylogenetics, functional morphology, and biogeography) in this enigmatic grouping of
echinoderms (Deline & Thomka 2017). Therefore, every new fossil or instance of exceptional
preservation is important to enhancing our understanding of morphology and evolutionary
trends.
Herein, I describe a new species of diploporan, Eucystis xxxxxx n. sp., known from the
Moccasin Springs Formation in the Silurian of Missouri, USA. This occurrence of Eucystis
Angelin, 1878 is the first representative of this genus known from Laurentia. Eucystis was
already known to have an expansive geographical range (Kesling, 1968). Therefore, this
occurrence can provide further insight into biogeographical investigations by adding new
information to previous understandings of dispersal and speciation pathways (Lam et al. 2021).
Furthermore, I describe three examples of exceptional preservation in Silurian-age
diploporans of the Holocystites Fauna. The Holocystites Fauna are a group of primarily middle
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Silurian echinoderms (Paul 1971; Sheffield et al. 2018), disparate to other diploporans.
They represent a unique window into Silurian paleoecology because of their great abundance in
the fossil record, their taphonomic patterns, and their extensive biogeographic history (Thomka
et al., 2016; Sheffield et al. 2022). These fossils described here that show exceptional
preservation include elements of their morphology not typically found in holocystitid
taphonomic patterns (Thomka et al. 2016): specifically, the oral and anal cover plates and the
plates of the feeding appendages, all of which are extremely delicate and unlikely to preserve in
the fossil record (Brett et al. 1997). These preservational features, especially the feeding
appendages, can provide new insights into previously unknown morphological features, as
blastozoan echinoderms are without modern analogs for study. Preservation of these structures
could also provide new insight into feeding modes through the use of computational fluid
dynamic studies (Chapter 2, this manuscript).

1.2 Background
1.2.1 Stratigraphic Setting & Occurrence
1.1.1.1 The Moccasin Springs Formation
Eucystis xxxxxx n. sp. is known from two relatively complete specimens, embedded
together in the same piece of matrix and preserved as original calcite, collected from a road cut
exposure of the upper Silurian (Pridoli Series) Moccasin Springs Formation (as defined by
McAdams et al. 2019) of Cape Girardeau, Missouri, United States of America. The outcrop is
found on the east side of the northbound lane of Interstate I-55 approximately 2.6km north of the
Missouri State Road 34 exit (Fig. 1.1). The outcrop was accessed from County Road 618, which
2

parallels I-55 (16S 268733m E 4139260m N). The outcrop consists of steeply dipping beds of
calcareous shales and mudstones. The tectonic alteration of the beds likely occurred due to the
proximity to the St. Genevieve fault zone (McAdams et al. 2019). The locality contains various
echinoderm skeletal fragments (i.e. stems and disarticulated thecal plates) that primarily belong
to unidentified crinoids. The presence of conodont elements of Neocolonograptus parultimus
Jaeger, 1975 from this outcrop further identify the outcrop age as this is an index species for the
lower Pridoli series. (McAdams et al. 2019).

Figure 1.1 Map of locality. The black star on the map represents the approximate location of the
road cut exposure of the Moccasin Springs Formation outside of Cape Girardeau, Missouri USA
(modified from McAdams et al. 2019).
1.1.1.2 The Massie Formation
The remaining materials described herein were sourced from the middle Silurian
(Sheinwoodian) Massie Formation of Napoleon, Indiana, USA within the New Point Stone
quarry (Fig 1.2.). Prior to revision by Brett et al. (2012), the Massie Formation was formerly
3

known as the upper unit of the Osgood Shale Formation. Representative of a major highstand
sequence, the upper Massie Formation consists of medium gray, calcareous, easily eroded,
mudstones with fossiliferous outcrops distributed sparsely. The gray weathered mudstone of the
Massie contrasts sharply with surrounding strata due to being overlain and underlain by not as
readily weathered carbonate depositional sequences (Thomka & Brett 2015). In the Silurian, this
area of Missouri would have located approximately 30˙ south of the equator and covered by the
epicontinental sea of the southern Illinois Basin (McAdams et al. 2019). This near tropical
geography and epicontinental sea setting would have likely given way to warm, calm, and
relatively shallow seas.
Brett et al. (2012) further identified a pelmatozoan-brachiopod packstone-grainstone to
be the basal unit of the Massie Formation. This transition from a marine carbonate to mudstone
is indicative of a flooding surface. Contained within this unit is a hardground surface, signifying
the maximum sediment starvation point. The hardground feature is abundant with echinoderms
and other sessile marine fossils (e.g., brachiopods, rugose corals), as the hard substrate and lower
current velocity provided optimal conditions for attachment (Thomka & Brett 2015). This
locality is known to have a tremendous concentration of Holocystites Fauna (Frest et al. 2011,
Thomka & Brett 2015), especially considering that diploporan fossils are rarely found in such
great abundance (Sheffield et al. 2022)
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Figure 1.2. Map showing the location of the New Point Stone Quarry, Napoleon, Indiana, USA
(modified from Thomka & Brett 2015).

1.2.2 Diploporan Echinoderms
Diploporita Müller, 1854 is a polyphyletic assemblage of blastozoan echinoderms that
was originally grouped by the presence of diplopore respiratory structures, existing from the
Ordovician until the Middle Devonian (Sumrall et al. 2009; Lefebvre et al. 2013; Sheffield &
Sumrall 2019a). Diploporan blastozoans experienced both widespread distribution and
biodiversity through the Ordovician, diversifying into nearly 200 species (Lefebvre et al. 2013)
and spreading across the globe. Evidence suggests that the vast majority of diploporans went
extinct during the Late Ordovician Mass Extinction (LOME), with a severely restricted number
of species surviving into the Silurian and Devonian (Sheffield et al. 2022). Of those that survived
into the Silurian and Devonian, the overwhelming majority belong to the diploporan group
Sphaeronitida Neumayr, 1889, with a few exceptions of glyptosphaeritids, such as Silurian
Gomphocystites [Celticystis] Bockelie, 1979 and Devonian Tristomiacystis Sumrall et al. 2009,
5

both from Laurentia. Sphaeronitida has been determined through phylogenetic analyses to be a
monophyletic grouping (Paul 1988; Sheffield & Sumrall 2019a). Sphaeronitids possess a
spherical to ovoid shaped theca, which constricts distally to a small or absent column or holdfast,
and bear a moderate number of plates, with short, unbranched ambulacra that are restricted to the
oral area (Kesling 1968). The sphaeronitids had an expansive biogeographic range found across
several major paleooceanic basins; during the Ordovician, there is a concentration of finds in
central and southern Europe, Baltica, as well as examples from eastern and western Asia
(Kesling 1968; Lefebvre 2005). Within sphaeronitids, there are two subgroups. One includes the
sphaeronitids whose ambulacra branch and each branch ends in a single brachiole facet (the
group that includes Eucystis and Haplosphaeronis Jaekel, 1926). The other group includes those
whose ambulacra do not branch and instead end in a single, large brachiole facet; this group is
informally known as the Holocystites Fauna (Sheffield et al. 2022)
Eucystis has the longest known temporal ranges of the diploporan genera with
occurrences ranging from the Middle Ordovician to the early Devonian (Kesling 1968), though
as noted by Paul (1973), Eucystis is largely absent from Silurian strata. In addition to this
unusually broad temporal range compared to other diploporans, Eucystis has tremendous
geographic distribution, even amongst the already wide distribution of the sphaeronitids.
Eucystis has been found in southeastern China (Kesling 1968), central and western Europe
(Kesling 1968), Morocco (Klug et al. 2009), Baltica, and the British Isles (Bockelie 1984) (Fig
1.3). This range is now expanded by the findings presented in this study with the addition of
Eucystis xxxxxx n. sp. in the Silurian of Laurentia. Recent biogeographic studies (Lam et al.
2021; Sheffield et al. 2022) indicate a strong likelihood that Baltica served as an origination
point for diploporan dispersal events to other paleocontinental basins. One important dispersal
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pathway of the Ordovician that has been uncovered via biogeographic modeling methods is from
Baltica to the Cincinnati Basin of Laurentia (Lam et al. 2021).
Eucystis is characterized by unique morphological features which set it apart from other
sphaeronitids: one, a 36˙ rotation of the oral plates in relation to the ambulacra and two,
recumbent ambulacra ending in multiple terminal brachiole facets (Sheffield & Sumrall 2019a)
(Fig 1.4). With the 36˙ rotation, the ambulacral food grooves overlay the oral plates as opposed
to the plesiomorphic condition of laying in the sutures of the orals of diploporan echinoderms
(Sumrall 2017). This rotational feature re-evolved multiple times in the diploporans, as seen in .
Glyptosphaerites and in Holocystites (Sheffield & Sumrall 2019a).
Holocystites, like Eucystis, also bears the 36˙ rotation of the ambulacra over the oral
plates (Sheffield & Sumrall 2019a) (Fig. 1.5). The ambulacra in Holocystites terminate in large
single facets that straddle the distal edges of the oral plates. Holocystites also bears a specialized
version of the diplopore respiratory structure, humatipores. Unlike simple diplopores
humatipores are buried beneath the surface of the theca with calcified tangential canals
connecting them (Sheffield et al. 2018).

7

Figure 1.3. World map showing general locations of Eucystis occurrences. Previously known
locations are denoted by red stars while, Eucystis xxxxxx is denoted by a green star. Map courtesy
of Paleobiology Database.

Figure 1.4. Line drawing of the oral area of Eucystis. Ambulacral grooves are represented by
dashed lines (A-E). The ambulacral grooves are rotated approximately 36˙. Oral plates are
represented by solid lines (O1-O7). Oral cover plates (1-5); hp: hyrdopore; gp: gonopore
(modified from Sumrall 2017).
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Figure 1.5. Line drawing of the oral area of Holocystites. Ambulacral grooves and large facetal
scars are represented by dashed lines (A-E). The ambulacral grooves are rotated approximately
36˙. Oral plates are represented by solid lines (O1-O7) (modified from Sheffield et al. 2018).
1.2.3 Silurian Echinoderms

The Late Ordovician Mass Extinction (LOME) represents the second-most devastating
extinction of marine fauna, with up to 57% of genera and 25% of family diversity lost (Sheehan
2001); blastozoans, including diploporans, were hit heavily by this extinction (Sheffield et al.
2022). The glaciation (a major driver of the extinction; Sheehan 2001) that occurred at this time
drove a global regression, reducing accommodation space and promoting erosion of marine
biomes (Peters & Ausich 2008; Sheffield et al. 2018). The global regression, and the common
taphonomic trend of echinoderms to fully disarticulate after death, led to few early Silurian
echinoderms in the fossil record (Brett et al. 1997; Sheffield et al. 2018). Both the regression and
the taphonomic trends, when combined, compound the limitations to understanding taxonomic
and biogeographic trends across the mass extinction and into the Silurian.
9

Through the extinction, an intense amount of turnover in echinoderm groups occurred
(Sheffield et al. 2022). In crinoids, the best studied of the stemmed echinoderm groups, this is
seen as a transition phase from the early Paleozoic faunas to those of the middle Paleozoic
(Ausich & Deline 2012). This point represents a shift in the composition of crinoid paleoecology,
where earlier forms became less common and fossil beds were dominated by more derived taxa.
While this turnover in crinoids is well documented, similar patterns have been found in the fossil
record of other suspension feeding echinoderms, including blastozoans. Of the blastozoan taxa
that survived the LOME and into the Silurian, the majority belong to the Holocystites Fauna. The
holocystitids’ range is almost exclusively limited to North America, with a single exception in
Australia (Paul, 1988; Frest et al. 2011; Jell, 2011). In contrast to most other diploporans, the
Holocystites Fauna has an extensive Silurian fossil record and have been found in great numbers
(Sheffield et al. 2022).
Diploporans do not appear to have been well established in Laurentia in the Ordovician
outside of some exceptions, like the Bromide Formation (e.g. Eumorphocystis). Recent
biogeographic analyses by Sheffield et al. (2022) and Lam et al. (2021) indicate that a dispersal
in the Late Ordovician led to Holocystites Fauna reaching the Cincinnati Basin. In the recovery
following the LOME, the Holocystites Fauna were able to expand and thrive in the niche space
previously occupied by crinoids which saw a shift to larger body sizes than their Baltican
ancestors (Sheffield et al. 2022). Understanding these dispersal patterns can better elucidate the
circumstances that also brought Eucystis to Laurentia.
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1.2.4 Taphonomic Patterns in Diploporans
Taphonomic preservation in echinoderms can vary tremendously across different classes
Brett et al. 1997). A primary controlling factor of taphonomic patterns is burial rate. Without
rapid burial, delicate elements of echinoderm morphology, such as individual elements of the
feeding appendages, stems, holdfasts, and plates of the ambulacral system can disarticulate
within days after an organism’s death. Further disarticulation of the thecal body, which typically
has a much higher preservation potential than the aforementioned skeletal elements, can occur
within two weeks of death (Brett et al. 1997).
More recent studies, focused specifically on taphonomic patterns in diploporans, support
that without rapid burial of a living individual, there is a lack of preservation of the feeding
appendages, the oral, and anal cover plates. Further complications arise from the tendency of
diploporans to be encrusted to some degree in these areas, causing morphological features to be
obscured or broken (Thomka et al. 2015). Another source of the lack of preservation in
diploporans arises from the dominant modes of their preservation. A large number of diploporans
in museum collections were preserved as internal molds from coarse crystalized dolomite. These
internal molds tend to lack much detail, whereas the external molds which can provide more
taxonomic detail were often not collected along with them (Sheffield & Sumrall 2017).
Holocystitid diploporans often show specific patterns of disarticulation. They bear seven
oral plates with O1-O6 directly bordering the peristome (i.e., the mouth), while O7 and the seven
facetal plates do not. One commonly seen pattern is that the entire oral plate circlet proximal to
the mouth is disarticulated, leaving only O7. Another common pattern is seen when only O2-O5
are disarticulated. The interpretation of poorly preserved specimens of the Holocystites Fauna
has previously led to the over splitting of taxa in the past. As an example, Sheffield and Sumrall
11

(2017) found that Osgoodicystis Frest & Strimple, 2011 was a junior synonym to Pentacystis
Paul, 1971. This was likely misinterpreted due to the poor preservation of the oral plates, where
they were disarticulated in Osgoodicystis and preserved intact in Pentacystis; the distinction
between the two genera in Paul (1971) is that Osgoodicystis had evolutionarily lost its oral
plates. The delicate cover plates that would have covered the oral and anal plates in life are even
less commonly preserved; because of these missing elements, clear interpretations of
morphology and systematics become difficult (Sheffield & Sumrall 2015, 2017).
The lack of preservation of feeding appendages, a major part of the body, in diploporans
is well documented (Paul 1971, 1983; Frest et al. 2011; Thomka et al. 2015). This has left many
aspects of their morphology to debate and created an impediment to studies focused on
phylogenetic and paleoecologic reconstruction in echinoderms (Sumrall 1997; Frest et al. 2011).
As quantitative methods using digital 3D models are increasingly applied to Paleozoic
echinoderm faunas, it is critical to find specimens that preserve these uncommon features for
best reconstruction.

1.3 Materials & Methods
All specimens are reposited in the Cincinnati Museum Center, USA (CMCIP). Analysis
of all specimens was done using a Amscope 7X-45X dissecting microscope. Specimens were
coated with ammonium chloride, NH4Cl, for photography.
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1.4 Systematic Paleontology
1.4.1 Eucystis xxxxxx, n. sp.
Phylum
Subphylum
Class
Superfamily
Family
Genus
Species

Echinodermata De Bruguiere, 1791
Blastozoa Sprinkle, 1973
Diploporita Muller, 1854
Sphaeronitida Neumayr, 1889
Holocystitidae Miller, 1889
Eucystis Angelin, 1878
Eucystis xxxxxx, n. sp.
1.4.1.1 Holotype

CMCIP 53630
1.4.1.2 Etymology
The proposed name was given in memory of Charlotte Gibson, an avocational
paleontologist who was active in the Dry Dredgers Fossil Club. Bruce Gibson, the husband of
Charlotte Gibson, collected this sample. The species name is redacted until formal publication.

1.4.1.3 Diagnosis
Displays large and rimless peripores. Recumbent branching ambulacra extend distally
down the theca and terminate in multiple facets. Relatively large thecal size.

1.4.1.4 Type Locality
Roadcut along Interstate I-55 approximately 2.6km north of the Missouri State Road 34
exit (UTM: 16S 268733m E 4139260m N).
13

1.4.1.5 Type Horizon
Moccasin Springs Formation.
1.4.1.6 Description
Theca is globular and relatively squat in shape; plates are irregular and of a moderate
number (15-25); at the summit, seven oral plates most proximal to the peristome; oral plates O1,
O6, and O7 are contained between the C and D ambulacra; oral cover plates are not preserved;
hydropore is not preserved; gonopore is not preserved; periproct cover plates not preserved;
periproct is circular in shape and in contact with O7 plate; peristome relatively large and ovate in
shape; five short ambulacral grooves cross the center of the oral plates, ambulacral grooves
branch into three short grooves of unequal lengths and extend mid-way down theca; ambulacral
grooves terminate in raised brachiole facets; facet scars of moderate size and relatively round in
shape; feeding appendages are not preserved, but would have likely extended vertically off of the
theca; thecal plates are mostly five sided with equal suture lengths; simple diplopore respiratory
structures present; diplopores randomly oriented within thecal plates and do not appear to cross
plate sutures; peripores are ovate in shape and slightly raised; peripores lack outer rim typical in
other diploporans; theca flares out to into holdfast distally; holdfast is preserved; holdfast
displays curvature to conform to substrate (Fig 1.6).

14

1.4.1.7 Remarks
Specimen displays 36˙rotation of ambulacra with the ambulacral groove laying across the
oral plates (Fig 1.6) as opposed to within their sutures, which is a feature of all species within
Eucystis. It also displays short ambulacra that branch shortly after the mouth, with each branch
ending in a single facetal plate. Eucystis xxxxxx is most similar to Eucystis sp. A Paul, 1973 and
Eucystis intermedia, Paul, 1973 in that it bears relatively large, round, and rimless peripores in
which the diplopore respiratory structures are contained. Eucystis xxxxxx differs from both
Eucystis sp. and E. intermedia in that its recumbent branching ambulacra extend distally down
the theca. E. xxxxxx is relatively large in overall size compared to other Ordovician specimens of
Eucystis and is similar in size to E. intermediata, which was noted by Paul, 1973 to have been
the largest example of the genus from the Hirnantian of Britain. The size of E. xxxxxx is notable,
as it follows a trend seen in other Silurian sphaeronitids of Laurentia, where the body sizes of
these taxa became, on average, twice as large as the Ordovician Baltic sphaeronitids (Sheffield et
al. 2022). Eucystis xxxxxx is the first of the genus to be described from Laurentia, which further
adds to its expansive geographic range. Theca shows evidence of lateral compaction evidenced
by vertical crack below periproct.
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Figure 1.6. Eucystis xxxxxx n. sp. (CMCIP 53630) 1. Oral view of Eucystis xxxxxx n. sp.;
ambulacral grooves can be seen overlying the oral plates. 2. Lateral view of Eucystis xxxxxx n.
sp., curvature in holdfast is visible, as well as damage from lateral compaction on the right side.
1.4.2 Holocystites scutellus: CMCIP 75377
Theca is globular and relatively elongate, plates are irregular and of moderate number
(40-50); at the summit seven oral plates are most proximal to the peristome; distal to the oral
plates seven lateral facetal plates; those bearing facetal scars are slightly raised relative to nonface bearing lateral plates; oral plates O1, O6 and O7 are contained between the C and D
ambulacra (i.e., CD interray); oral cover plates are not preserved in this specimen; hydropore slit
straddles the O1-O6 plate suture; the gonopore is circular in shape and contained on the O7 plate;
periproct is circular in shape; anal pyramid is preserved composed of seven wedge shaped plates
(Fig. 1.7); humatipores are present on facetal plates; five short ambulacral scars extend from
peristome across oral plates to facetal scars; facetal scars relatively large and circular in shape;
the feeding appendages are not preserved in this specimen; thecal plates are irregular in size and
pentagonal in shape; suture lengths are relatively equal; new plates added anywhere in theca;
humatipores are present and covered by raised pustules; there is no apparent pattern to
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humatipore placement or number within the plates; theca constricts distally to join attachment
structure; attachment structure not preserved.

1.4.2.1 Remarks
This specimen displays exceptional preservation in that the anal cover plates (Fig 1.7) are
preserved which is uncommon, even in a locality known for numerous holocystitid fossils. This
specimen is identified as a Holocystitidae by the presence of humatipore respiratory structures
and short food grooves ending in large facetal scars, which straddle distal edges of oral plates. It
is identified as Holocystites by these aforementioned features and the 36˙ rotation of the oral
plates.

1.4.3 Holocystites scutellus: CMCIM 75376
Theca is globular, plates are irregular and of moderate number (40-50); at the summit
seven oral plates are most proximal to the peristome; distal to the oral plates seven lateral facetal
plates; those bearing facetal scars are slightly raised relative to non-facet bearing lateral plates;
oral plates O1, O6 and O7 are contained within the CD interray; oral cover plates are preserved
(Fig. 1.7), composed of five relatively large primary peristomal plates polygonal in shape; plate
shape and orientation deformed slightly; hydropore slit straddles the O1-O6 plate suture; the
gonopore is circular in shape and contained on the O7 plate; periproct is circular in shape; anal
cover plates are not preserved in this specimen; humatipores are present on facetal plates; five
short ambulacral scars extend from peristome across oral plates to facetal scars; facetal scars
relatively large and circular in shape; the feeding appendages are not preserved in this specimen;

17

thecal plates are irregular in size and pentagonal in shape; suture lengths are relatively equal;
new plates added anywhere in theca; humatipores are present and covered by raised pustules;
there is no apparent pattern to humatipore placement or number within the plates; theca
constricts distally to join attachment structure; attachment structure not preserved.

1.4.3.1 Remarks
Identification of this specimen is based on the presence of humatipore respiratory
structures and short food grooves terminating at large facetal scars, as well as the 36˙ rotation of
the oral plates, placing it within Holocystites. All oral cover plates are preserved and are in the
closed position (Fig. 1.7). This level of preservation is rare, even in an area where holocystitids
are quite common. As is commonly observed in the sphaeronitids, the periproct is relatively
large.

1.4.4 Triamara
Theca globular; plates are irregular and of moderate number (50-55); distal portion of
theca displays curvature approaching attachment point; Oral plating not preserved; periproct not
preserved; facetal plate conical in shape rises above oral surface constricting distally; gonopore
not preserved; anal cover plates not preserved; uniserial feeding appendage plates cylindrical
constricting distally initially then maintain size (Fig. 1.7); thecal plates are irregular in size;
suture lengths are relatively equal; new plates added anywhere in theca; diplopores are present
and strongly weathered; diplopores occur within plate margins with no apparent pattern; theca
constricting distally into attachment structure; attachment structure not preserved.
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1.4.4.1 Remarks
Without the ability to examine the oral area, a species-level diagnosis of this specimen of
Triamara is not possible. Diagnosis of the genus was made based on thecal structure, raised
facetal plates, and presence of true diplopore respiratory structures, found in Triamara Tillman,
1967 (Frest et al. 2011 ). This example of Triamara exhibits exceptional preservation of an
attached facetal plate and the attached feeding appendages (Fig. 1.7). Though the articulated
plates present are not visually contiguous, it is likely that the two represent a complete section of
the feeding appendage, as random placement of two articulated appendages seems unlikely.
Sphaeronitids are known to have great plasticity in the theca and attachment structure. Therefore,
the slight distal curvature of the theca was likely an environmental factor in the animal’s life
mode, as opposed to a taxonomically important character, and is seen in a number of diploporan
taxa (Parsley 1990; Thomka & Brett 2014).
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Figure 1.7. Exceptionally preserved features of specimens from the Massie Formation. (See
figure 1.5 for diagram of morphology) 1. Lateral view of Triamara (CMCIP 75378), theca
partially missing. Facetal plate and feeding appendage plates are preserved; note that the facetal
is quite large and narrows distally. The feeding appendages continue within matrix; it is not
certain if they are contiguous, though it seems likely that they would have been, based on
placement. 2. Oral view of Holocystites scutellus (CMCIP 75376) with preserved oral cover
plates. Large facetal scars are visible. 3. Oral view of Holocystites scutellus (CMCIP 75377)
with preserved anal cover plates. Large facetal scars visible.
1.5 Discussion
Although the Massie Formation has preserved thousands of specimens of the Holocystites
Fauna, the samples that are described in this chapter represent rare examples of exceptional
preservation. Conditions leading to the preservation of these examples from the Holocystites
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Fauna were likely rapid burial by fine grained siliciclastic sediments during storm events
(Thomka et al. 2016). The specimens of Holocystites with preserved oral and anal plates confirm
similarities to other sphaeronitid taxa; for example, the primary peristomal cover plates are large
and differentiated from surrounding plates, similar to other sphaeronitids and dissimilar to other
diploporans (Sumrall 2017; Sheffield & Sumrall 2019a). The finding of rare feeding appendages
attached to a theca in Triamara show uniserial feeding appendages that were larger in length
than previously expected (Frest et al. 2011).
The presence of this new taxon, Eucystis xxxxxx, bears more significance than simply a
new fossil in the Silurian, where there is a clear gap in the stratigraphic record (Paul, 1973;
Sheffield et al. 2018). This new fossil broadens the geographic range (Fig 1.4) of Eucystis to
another paleocontinent, Laurentia; because of this additional geographic datapoint, it can bring
insight into understanding biogeographic radiations of diploporans.
Prior Paleozoic biogeographic modeling studies (Lam et al. 2018; Lam et al. 2021;
Sheffield et al. 2022) have shown that dispersal was likely a major driver of the radiation of
blastozoan echinoderms and other Paleozoic fauna (i.e. brachiopods and trilobites). Dispersal
pathways of these invertebrates were likely aided by a multitude of abiotic factors, such as high
sea levels and widespread carbonate platforms in the Ordovician (Lam & Stigall 2018; Lam et al.
2020). Lam et al. (2020) employs the use of biostochastic mapping (BSM) a method which
simulates the history of characters over a phylogenetic tree, thus “mapping” the character over
the phylogeny and yielding possible histories of a given character. The results of the BSM in
Lam et al. (2020) indicate a strong likelihood that Baltica was an origin point of dispersal events
for diploporans in this time frame, to basins in Laurentia. A specific pathway that the modeling
studies found to be important was from Baltica to the Cincinnati Basin during the Ordovician.
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This study cannot confirm that this new Eucystis fossil is a result of dispersal from this pathway.
However, it does seem likely that post-Late Ordovician extinction, Eucystis was among other
diploporans that migrated from Baltica to Laurentia to fill vacated niche space left by crinoids
(Sheffield et al 2022). With the inclusion of more fossil data from time frames such as the
Silurian, where less rock is available, biogeographic studies such as these can provide greater
insight into biogeographic speciation pathways.

1.6 Conclusion
The description of rare elements of Holocystites Fauna gives way for future works to
explore their functional morphology and phylogenetic relationships. With the description of the
feeding appendages in a member of the Holocystites Fauna (e.g. Triamara), fewer assumptions
will need to be made when reconstructing their morphology for 3D modeling. Studies using CFD
can now more accurately model these organisms and provide greater insights into the
Holocystites Faunas their paleoecological relationships. Further, the discovery of Eucystis in
Laurentia will serve to elucidate the biogeographic pathways of the Ordovician. Specifically, the
speciation pathway from Baltica to Laurentia across the Ordovician–Silurian (Sheffield et al.
2022). The discovery of Eucystis in Laurentia expands the geographic range of this genus from
Baltica (Bockelie, 1984), the British Isles (Paul, 1973), central and western Europe (Kesling
1968), southeastern China (Kesling 1968), and Morocco (Klug et al. 2009). The paucity of
Silurian age fossils stresses how even single fossil finds, such as this occurrence of Eucystis, can
affect what is known about taxonomic diversity and biogeographic patterns in the fossil record.
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Chapter Two: Computational Fluid Dynamics
2.1 Introduction
Diploporan echinoderms are a diverse and enigmatic grouping of extinct Paleozoic
marine blastozoans. Throughout the Ordovician, they experienced tremendous radiation across
the globe. Diploporans were represented by nearly 200 species, one of the most speciose groups
of blastozoans during that time (Lefebvre et al. 2013). Despite this widespread abundance, the
fossil record of diploporan fauna consists primarily of incomplete specimens, with complete
specimens being rare (Thomka et al. 2016). While some features are more commonly preserved
(i.e. the theca/body), others like the feeding appendages and the attachment structures (i.e. stems
or holdfasts) are seldom preserved (Brett et al. 1997). This incomplete preservation, along with a
lack of modern analogs from which to observe, limits our understanding of their functional
morphology and palaeoecological interactions. Insight into these seldomly preserved features is
tremendously valuable to the understanding of the feeding strategies of these enigmatic
creatures. With advances in computer modelling and in the computational power of computers,
our ability to test hypotheses of functional morphology and paleoecology has improved.
Computational fluid dynamics (CFD) studies provide quantitative fluid flow data which
are based on numerical simulations. CFD modeling can be used to reconstruct the feeding
strategies and other life functions of aquatic organisms (e.g. Shiino et al. 2009, 2012; Rahman et
al. 2015, 2020; Waters et al. 2017). Fluid flow and its interaction with a solid surface in these
simulations are governed by established mathematical equations (e.g. Navier-Stokes equation)
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(Gibson et al. 2021). In CFD, varying fluid velocities are characterized as turbulent or laminar as
defined by the Reynolds number (Re). Re is dimensionless and describes the ratio of inertial to
viscous forces. Laminar conditions occur when fluid viscous forces are greater relative to other
inertial forces. Conversely, when inertial forces are greater than viscous forces, the flow becomes
turbulent (Gibson et al. 2021). Laminar flows can be solved using the Navier-Stokes equation,
but as velocities increase and the flow becomes more turbulent, this becomes computationally
difficult and time averaged equations for flow must be used (e.g., Reynolds-averaged NavierStokes). Though CFD has only recently emerged as a method in paleontology, it has been used
as a method in a variety of applications from aerospace engineering to human physiology
(Spalart & McLean 2011; Young et al. 2014).
For ease of computation, a discretized mesh field is created around the model geometry
and throughout the domain. This allows the CFD software to calculate fluid parameters for each
individual 3D cell within the mesh, as opposed to the entirety of the domain. While fine meshes
(i.e. smaller cells and increased total number) provide greater resolution, this comes at the cost of
computational resources and increased time. Within each mesh cell a three-dimensional
coordinate system tracks the fluid movement for individual velocity components (e.g. x, y, and
z). Each mesh cell is then solved for individually through Newton’s second law for the motion of
fluids as expressed by the Navier-Stokes equations for an incompressible flow.
An early use of CFD in paleontology was modeled by Rigby & Tabor (2006) which
focused on graptolites. In this study, it was shown that results from previous studies using flume
tanks (e.g. Welch 1978; Baumiller & Plotnick 1989; Riddle 1989; Parsley 1990) were supported
by equivalent results when performed with CFD. This study would serve to bridge the gap
between these two methodologies. CFD as a method has been shown to be useful in providing a
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window into ecological interactions and functional morphology of fossil species, particularly
those without modern analogs, such as trilobites (Shiino et al. 2012) and Ediacaran fauna
(Gibson et al. 2021). To date, there have been only a few applications of CFD that have been
focused on ancient echinoderms. Rahman et al. (2015, 2020) used CFD on 3D models of cinctan
echinoderms to assess the relationship of increased drag and feeding ability. The efficiency of
blastoid respiratory structures was investigated by Waters et al. (2017) which supported the
hypothesis that cilia driven flow, rather than passive flow, within the hydrospires was necessary
for sufficient function in low velocity environments.
This study investigates the feeding strategies of two taxa of diploporan echinoderms
using computational fluid dynamic methods. Both selected taxa display poor preservation of the
feeding appendages, which was overcome though digital reconstruction following previously
established methods in digital paleontological reconstructions (Lautenschlager 2016). The
selected taxa inhabited different environments from one another. Eumorphocystis is known from
the Late Ordovician shale beds of the Bromide Formation of Oklahoma, which was likely a
calm, lagoonal-like setting (Sprinkle 1982; Parsley 1982), while Holocystites is primarily known
from the middle Silurian shales of the Massie Formation of Napoleon, Indiana. This carbonate
hardground setting within an epicontinental sea likely experienced increased current velocities
(Frest et al. 2011; Thomka & Brett 2015). Through this study, I find that these two taxa show
different feeding modes that can shed light on their paleoecological roles, and possibly on their
similarities to other groups of echinoderms.
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2.2 Background
2.2.1 Stratigraphic Setting & Occurrence
2.2.1.1 The Bromide Formation
The Bromide Formation of South-central Oklahoma, USA consists of Upper Ordovician
(Sandbian) sandstones and carbonates deposited during the subsidence of the Southern
Oklahoma Aulacogen (SOA), which extends northwest into Oklahoma (Sprinkle 1982). Earliest
deposition occurred in storm-dominated epeiric seas driven by an influx of terrigenous sediments
likely from a windblown desert setting of the nearby Arbuckle platform. At this stage,
subsidence outpaced deposition, which gave way to a primarily transgressive setting. These
lower deposits consist primarily of sandstones and thinly interbedded shales. As tectonic stability
increased, a reduction of terrigenous sedimentation led to the deposition of the carbonates that
make up the upper portion of the Bromide in a regressive setting (Carlucci et al. 2014).
The Bromide Formation was traditionally divided into two members; recently, a third
member was added (Sprinkle 1982; Carlucci et al. 2014). The lower most and most recently
defined by Carlucci et al. (2014) is the Pontotoc Member which was previously associated with
the lower portion of the Mountain Lake Member. The Pontotoc Member consists of thick
packages of cross-bedded sandstones and thin-bedded intervals of siltstone and fine-grained
sandstones. The latter lithologies are well rounded, quartz arenites which display wave ripples
and tabular crossbedding (Carlucci et al. 2014). Overlaying the Pontotoc is the Mountain Lake
Member, consisting of a rapid succession of thinly bedded layers of quartz sandstone, shale, and
limestone (Carlucci et al. 2014).
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The Eumorphocystis specimen modeled for this study is known from the echinoderm
beds of the upper Mountain Lake Member of the Bromide Formation. The upper Mountain Lake
Member micrite and shale beds were deposited in a relatively quiet lagoonal setting. These
conditions allowed for greater preservation potential, where whole body preservation of
echinoderms can be found (Sprinkle 1982).

2.2.1.2 The Massie Formation

The Silurian-age (Sheinwoodian) Massie Formation of southwest Indiana, USA is likely
representative of a major highstand sequence (Thomka & Brett 2015). The lithology of the upper
Massie consists of calcareous grey mudstones bearing sparsely distributed fossiliferous outcrops
which are overlain by shallow water carbonate sequences (Thomka & Brett 2015). Prior to
revision by Brett et al. (2012), this portion of the Massie was previously known as the Osgood
Shale Formation.
The lower Massie Formation is marked by a transition from the carbonate mudstones of
the upper Massie to a pelmatozoan-brachiopod packstone-grainstone (Brett et al. 2012). Bret et
al. (2012) identified this transition to signify the maximum sediment starvation point of the
sequence. As the above description implies this packstone-grainstone is abundant with fossil
echinoderms. This abundance of echinoderms is likely due to a hardground feature which would
have provided ideal attachment surfaces in this reefal epicontinental sea setting (Thomka & Brett
2015).
The Holocystites specimen modeled for this study was collected at the locality known as
the Napoleon Quarry. This locality displays such richness in Holocystites Fauna that it has been
unofficially referred to as the type locality (Frest et al. 2011; Thomka & Brett 2015). Thomka &
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Brett (2015) suggested that the varying topography of this hardground may have contributed to
species diversity among echinoderms. This varying topography allowed niche partitioning (e.g.
tiering) among diploporans and longer stemmed pelmatozoans.

2.2.2 Modes of Suspension Feeding
Suspension feeding behavior has given rise to many highly diverse yet convergent
morphologies with commonality in the ability to capture food particles from suspension for
sustenance (Hamann & Blanke 2022). This amount of diversity, specifically in invertebrates, has
been shown to be driven by niche partitioning as competition to access nutrients in water at
various points above the substrate (Wing & Jack 2012; Hamann & Blanke 2022). Crinoids
represent the most complex suspension feeders in extant echinoderms, but suspension feeders are
found within all the five classes of modern echinoderms (Paul 1977; Sebens et al. 2017).
While passive suspension feeders rely on current or wave motion to drive fluid flow,
active suspension feeders self-generate fluid flow within their bodies or colonies. Although
suspension feeding is non-selective towards one type of prey, overall prey size can be
determined by morphology (i.e. size of feeding structures) (Cole et al. 2019; Hamann & Blanke
2022). Within passive and active feeders, there exists a variety of capture methods. Direct
interception captures particles large enough to deviate from streamlines and impact feeding
structures. Inertia driven interception relies on particle inertia being great enough that it does not
deviate from its course as fluid flows around feeding structures. The gravity method relies on
particle density being so great that particles settle out of the water column and on to feeding
structures. Diffusional interception relies on the particle or organism encountering a feeding
surface by its own activity (e.g. swimming). Sieving occurs when particle size is greater than that
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of holes in a feeding surface and is captured. Of these methods, modern echinoderms have been
observed to utilize all. (Sebens et al. 2017).

2.2.3 Fluid Dynamics and Echinoderms
The study of fluid dynamics as related to fossil echinoderms has not always been
achieved computationally. Prior to widespread availability of CFD software and efficient
computing power, paleontologists built physical models of fossils and visually observed fluid
flow in flume tank settings. Welch (1978) cited a lack of modern analogs as to why using flume
tanks were critical in understanding the feeding mode of Paleozoic crinoids. To learn more about
the possible life modes of Paleozoic crinoids, Welch (1978) made casts and plastic models of the
camerate crinoid Pterotocrinus. These models were then submerged in a flume tank, where
varying fluid velocities and orientations of wing plate and arm positions were tested. Eddy
currents around the model were observed by adding dye to the flume. It was observed that the
most favorable position for the filtration fan was in the downstream orientation. In the
downstream orientation, the eddying of water slowed on the downstream side of the fan which
would have been advantageous for food particle extraction. Further observation found that wing
plate orientation was inconclusive, though their development was possibly a response to
predation. Their morphology and orientation are theorized to have directed more water towards
the filtration fan (Welch 1978). In another study (Baumiller & Plotnick 1989), however, flume
experiments indicated that the wing plates were more likely functioning as a rudder to keep the
filtration fan facing down current.
Other aspects of crinoid morphology and their hydrodynamic properties have been
explored, including the often-overlooked column or stem (Riddle 1989). Riddle (1989) examined
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the hydrodynamic function of the helically twisted columns of platycrinitid crinoids of the
Mississippian. It was found using flume tank studies that the helically shaped stem channeled
water, and thus nutrients, towards the feeding appendages. This was interpreted as an advantage
over round stemmed crinoids, which did not show the same patterns in the flume study. This
advantage in nutrient collection led Riddle to hypothesize that this was a driver in platycrinitids
evolving a wide-reaching environmental tolerance as Platycrinites is considered to have had the
broadest environmental range of any camerate crinoid.
Parsley (1990) conducted flume studies on the diploporan Aristocystites examining the
life habits of this recumbent echinoderm. Parsley’s flume experiments found that Aristocystites
would have likely preferentially aligned the oral end of the theca to the down current position,
therefore exposing the feeding appendages to vortices generated in the animal’s wake to aid in
feeding. Insight into paleoenvironmental settings were also gained from these studies, as it was
observed that at current velocities above .13 ms-1, turbulent vortices moved away from the oral
area and the substrate below the theca was undercut. Later, Parsley (2015) examined three gogiid
eocrinoids (Globoeocrinus, Guizhoueocrinus, and Sinoeocrinus) with 1:1 models in a flume tank.
Results indicated that taxa with spiraled feeding appendages were more likely to live in low
energy environments due to the extra drag of this morphology, while all modeled feeding
appendages were shown to form a well-defined feeding cone when bent distally with the
current.
Huynh et al. (2015) conducted a functional analysis of blastoid respiratory structures (i.e.
hydrospires) in Pentremites to determine if the internal folds served as oxygen exchange
surfaces. This was achieved by 3D printing a 72 times scale model section of the ten most distal
hydrospire pores. This scale was chosen to ensure flow conditions were correct due to limitations
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in 3D printing. Dye was injected into the pore inlets to enhance visualization of flow. Results
indicated that there was no mixing of water within the hydrospire folds once entering through the
incurrent pores. This confirmed previous hypotheses that water entering the pores flowed parallel
without intermixing (Schmidtling & Marshall 2010). Waters et al. (2017) set the initial goal of
recreating the work of Huynh et al. (2015) using CFD methods. Their results would support
those of Huynh et al. (2015), observing that flow through the inlet pores was horizontal, thus
reducing reparatory leakage. Waters et al. (2017) furthered this work by building a complete
digital model of a stalked and life position blastoid. Using a variety of passive flow rates, this
work determined that passive flow alone was not sufficient to prevent respiratory leakage and
that active cilia-driven flow was needed to achieve optimal respiration.
Rahman (2015) employed micro-tomographic data to digitally model the cinctan
echinoderm Protocinctus, while also reconstructing poorly preserved elements of morphology.
Three different feeding modes were tested, as well as varying orientations of the body to the
current direction. Results suggested that Protocinctus was likely an active phrangeal filter feeder.
Revisiting cinctans, Rahman et al. (2020) applied CFD to methods to investigate the
evolutionary trade-off between feeding and stability. Like diploporans, blastoids, and many
Paleozoic crinoids, cinctan echinoderms also lack a modern analog, which leaves many aspects
of their paleoecology difficult to answer. The results of this study indicated a high likelihood of
an evolutionary trade-off between stability and feeding. CFD data indicated that the orientation
of the theca to the current provided the least amount of drag when the peristome (mouth) faced
down current and that those species with dorsal projections generated more drag than those
without. Those animals which had lower drag coefficient would likely have enhanced stability
(i.e. not get swept from the substrate by the current). Conversely, those species with dorsal
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projections would experience greater flow towards the mouth and food grooves, suggesting that
they would have had greater access to nutrients.
Dynowski et al. (2016) evaluated flow patterns using CFD on Triassic crinoid Encrinus
liliiformis. This study specifically examined feeding postures of this crinoid, which was made
more difficult by the lack of extant analogs from which to glean information. In the extant
crinoids, the common feeding position is known as the parabolic filtration fan. In this position
the feeding appendages bend in the direction of the current, only bending leeward for protection
in instances of high velocity. When in this protective posture the animal is unable to feed
(Macurda & Meyer 1974). Under the assumption that fossil crinoids with their varying
morphology likely lived in more dynamic shallow water conditions than their extant
counterparts, Dynowski et al. (2016) suggested an aboral or “tear drop” feeding position in
which the feeding appendages pointed down current. E. liliiformis was modeled in this the tear
drop position and it was found that, recirculation currents developed on the down current side of
the crown. This increased residence time would enhance the probability of particle capture.

2.2.4 Blastozoan Feeding Morphology
Paul (1977) hypothesized that all blastozoans were suspension feeders. Two
Cambrian examples of early suspension feeding blastozoans, Kinzercystis and Lepidocystis show
some of the first known specializations to do so (e.g. recumbent ambulacra with three to eight
feeding appendages) (Paul 1977). Sprinkle (1973) noted that there are major morphological
differences between the feeding appendages of blastozoans and of crinoids, the other major
stemmed echinoderm group. The two morphologies share many characteristics (e.g., extensional,
plated, feeding appendages with adoral food grooves) (Sprinkle 1973). The major difference
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between the two is that crinoid feeding appendages bear a coelomic canal which allows the
extension of the water vascular system into the feeding appendages and bore tube feet, aiding in
feeding and respiration. Tube feet are currently unknown in any blastozoans (Sprinkle 1973;
Sheffield et al. in press). Lacking tube feet, blastozoan feeding likely occurred via direct ciliarymucoid extraction, a behavior observed in modern echinoderms (Parsley 1990). This is a process
in which nutrient particles impact feeding appendages and are borne by cilia to the mouth for
ingestion.
Eumorphocystis, an Ordovician-age diploporan blastozoan, displays a unique
morphology in its feeding appendages and ambulacra which is currently unknown in any other
diploporan (Sheffield & Sumrall 2019a). The arm morphology, which is composed of three plate
series (i.e. the feeding appendages are tribrachial), is unique in Diploporita. The feeding
appendages have been observed to bear resemblance to arm structures of early crinoids (Parsley
1982; Sumrall, 1997; Sheffield & Sumrall 2019a), in the triplate feeding appendages, the feeding
appendages that bear a coelomic canal, and the feeding appendages borne off a single thecal
plate. Recent phylogenetic investigations suggest that Eumorphocystis is sister taxon to crinoids
(Sheffield & Sumrall 2019a, b; Deline et al. 2020), linked by shared the homologous features of
the feeding appendages discussed above. In addition to the homologous arm features, Parsley
(1982) notes that crinoids and Eumorphocystis also share large, flat pinnules; it was suggested in
this study that the pinnules of the tribrachials were the “primary sweepers” of food particles.
With the absence of tube feet, this pinnulate arm configuration may have lacked efficiency,
contributing to its short temporal range. Because of their homologous arm structures, it is
possible that feeding modes could have been similar.
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The only currently known example in the fossil record of feeding appendages in the
Holocystites fauna is from the genus Triamara and was found in the Silurian Massie Formation
of Indiana, USA. This paucity of preserved feeding appendages is due to the poor preservation
potential of delicate arm structures in echinoderms (Frest et al. 2011; Thomka et al. 2016).
Holocystitids (e.g. Paulicystis, Holocystites, Pentacystis) bore large facetals upon which the
feeding appendages would attach (up to 5 mm in diameter), suggesting that they bore larger
feeding appendages than those of other sphaeronitids, which exhibit smaller facetals, typically
around 0.5-1.0 mm in diameter) (Frest et al. 2011; Sheffield & Sumrall 2017, 2019a). Frest et al.
(2011) hypothesized that this enlargement could have allowed holocystitids and other
diploporans to develop pinnulate “arms” similar to those found on Eumorphocystis. This
hypothesis is in line with the trend of increased overall body size, including feeding appendages,
found in Silurian echinoderms (i.e. with increasing size and complexity comes greater feeding
capability) (Paul 1977; Sheffield et al. 2022).

2.3 Materials & Methods
2.3.1 Specimen Selection
Specimen selection for this project focused on two diploporan genera with enigmatic
histories. Holocystites is primarily known from the Silurian of North America and has been
extensively studied in both taphonomy and systematics (Paul 1971; Frest et al. 2011; Sheffield &
Sumrall 2015, 2017; Sheffield et al. 2018). Though there have been comparably few studies
focusing on their palaeoecological interactions concerning feeding behaviors, this is due to a lack
of preservation of feeding structures in known examples (Thomka et al. 2016). Therefore, the
feeding appendages of Holocystites were modeled using one of the only known specimens with
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feeding appendages in a closely related taxon, Triamara; this specimen was described in the
previous chapter (Section 1.4.4; Fig. 1.6). Preservation of Eumorphocystis, the other modeled
taxon in this study, is also limited in preservation of the arm features with no complete
specimens known to exist. However, there are enough specimens with at least some portion of
the feeding appendages preserved that allow extrapolation as to how they may have been
postured in life (Parsley 1982). These taxa were selected as they come from two different areas
that would have represented different paleoenvironments, few details are known about their
feeding strategies, and both bear enlarged feeding appendages.

2.3.2 Modeling and Digital Restoration
Digital models of two diploporan echinoderm genera (Holocystites and Eumorphocystis)
were created for this study using photogrammetry techniques. Scaled 2D digital photos of the
theca were imported into Rhinoceros 7 (https://www.rhino3d.com/), where the 2D curve of the
theca is traced from the photo. Rhinoceros 7 was chosen for model creation as it creates Nonuniform rational B-spline (NURBS) surfaces. These mathematically based surfaces are more
easily transferred to CFD software. Under the assumption of bilateral symmetry (Lautenschlager
2016), the curve is rotated on its central axis and a 3D representation of the theca is generated.
For all models, the external texture of the animals had to be neglected for the sake of simplicity
of computer calculation. Therefore, these models have smooth external surfaces, as opposed to
textures found in their life mode. In the case of Eumorphocystis, partial reconstruction of the
tribrachials was required. 2D scaled images of the feeding appendages’ cross-sectional shape
were used to generate a scaled digital cross-sectional shape, which was then used to build a
complete three-dimensional reconstruction of the feeding appendages.
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Restoration of the stem in Eumorphocystis was also necessary. Based on the description
by Parsley (1982) regarding the morphology of the stem, a bent posture was chosen. This posture
allows for the oral surface to face the leeward direction and remain perpendicular to the flow
direction. Dimensions and posture of all restored morphology in Eumorphocystis were estimated
using descriptions from Parsley (1982). Difficulties in mesh construction prevented the modeling
of the pinnules found on the feeding appendages of Eumorphocystis. The series of pinnules was
too complex for the mesh sizes to be resolved without greater computational resources.
Therefore, a simplified morphology of the feeding appendages sans pinnules was chosen. For the
purposes of simplified computation, all aspects of modeled morphology are static in nature (i.e.
they do not move during the simulation)
An idealized attachment posture and height above substrate was chosen with the theca
oriented vertically and the oral surface perpendicular to flow direction. Due to the lack of
preservation of the feeding appendages in Holocystites fauna, a well-preserved specimen with an
intact feeding appendage of Triamara was used to guide building the feeding appendages and
facetals in the Holocystites model. Triamara is closely related to the holocystitids (Sheffield &
Sumrall, 2019) and has similarly shaped and proportioned facetal scars, so the feeding
appendages were likely similar in life. To estimate the size of the facetals on Holocystites the
facetal scars on were measured as well, as the preserved facetal plate of Triamara (width at base,
length, and width at end), and then scaled based on the size of the facetal scar born Holocystites.
2D images of the oral face are then aligned to the theca model which allows the alignment and
placement of the facetals. The feeding appendages were modeled/restored in two theoretical life
positions, one position with the feeding appendages extending distally from the theca at the same
angle and the other where the feeding appendages are unequally bent to the leeward direction.
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These two modeled positions will be referred to as “erect” and “trailing” respectively for this
study. These positions were based on feeding appendage positions observed in modern
suspension feeding echinoderms (Macurda & Meyer 1974). The models were then saved in .stp
format for importation to CFD software.

2.3.3 CFD
All fluid flow simulations for this project were carried out in ANSYS Fluent 2021 R1
ACADEMIC (https://www.ansys.com/). The flow domain is a three-dimensional half cylinder
volume, with the modeled geometry located three model widths from the inlet and ten widths
from the outlet (Table 1). These domain parameters were chosen to ensure that space was given
for flow patterns to fully develop on all sides of the model and not be interfered with by
boundary conditions (Rahman 2020). Slip conditions (zero stress across the boundary) were
assigned to the top/sides of the domain while non-slip zero velocity (relative to the boundary)
conditions were assigned to the modeled geometry and the base. Due to the pentaradial-like
symmetry of the theca, no specific orientation of the animal was chosen regarding flow direction
beyond the elements of the model which were designed to be down current (i.e. current bending
of feeding appendages and stem). Three inlet current velocities were used across all models
(0.05ms-1, 0.10 ms-1, 0.20 ms-1) these velocities were chosen by considering the sedimentology of
the rocks (e.g. bedforms) in which these fossil specimens were found (Stow et al. 2009).
unidirectional flow regime was chosen primarily for the simplicity of computer calculations as
done in other recent studies (Rahman et al. 2015; Dynowski et al. 2016; Gibson et al. 2021).
Though, most extant, benthic dwelling, and passive suspension feeders feed in unidirectional
currents (Sebens et al. 2017).
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Physical properties of water were assigned to the interior of the domain, excluding that
area occupied by the model geometry (density 1000 kg/m3, 0.001 Pa s). In the upstream portion
of the domain, inlet velocity magnitude was defined normal to boundary, while in the
downstream domain a zero-pressure outlet was defined. The interior of the flow environment
was meshed using a 3D tetrahedral mesh. A prismatic expansion layer was meshed to the surface
of the model geometry. This expansion layer gives greater resolution of velocity and temperature
profiles at the point of fluid/model interaction. It consists of an expanding series of prismatic
mesh layers normal to the surface of the model (Fig. 2.1). The non-dimensional mesh
characteristic number (y+) was calculated for all models and found to be greater than zero, but
less than one. The Reynolds-averaged Navier-Stokes (RANS) equations were solved using the
shear-stress transport (SST) turbulence model (Menter 2009). The SST model was chosen
because it combines favorable characteristics from two existing models. For calculations of
boundary layers, the SST model utilizes aspects of the k-ω model, as the k-ω model does not
require a dampening function. This helps to avoid numerical issues associated with pressure
flows that could occur when using the k-ϵ model. The k-ϵ model is utilized for downstream wake
calculations, an area where the k-ω can be oversensitive to freestream wakes.
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Figure 2.1. Cross-section view of the mesh modeled for Holocystites. Notice the expansion layer
at the surface of the theca.
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Table 2.1. Dimensions of the modeled domain for both Eumorphocystis and Holocystites
Domain Parameters
Distance from inlet
Distance to outlet
Cylinder diameter

Eumorphocystis
21 cm
35 cm
10 cm

Holocystites
6 cm
20 cm
25 cm

2.4 Results
2.4.1 Holocystites Erect Positioned Feeding Appendages
Across all simulated current environments in the erect model (i.e. 0.05ms-1, 0.10 ms-1,
0.20 ms-1), the overall flow pattern remains generally the same (Fig. 2.2A–C). Velocity decreases
as the flow approaches the theca and is directed in the adoral direction. As the flow is directed
over the theca, fluid velocity in close proximity to the oral area and facetal plates remains low
(i.e. in contact with the theca). The upper portion of the flow directed above the theca represents
the zone of greatest velocity. This zone of greatest velocity encompasses the portion of the arm
most proximal to the theca. In the immediate downstream wake of the theca, low velocity
circulation is observed as eddies form against the leeward side of the theca. The center of
circulation of these eddies appears nearly parallel to the oral surface and approximately .01cm to
leeward of the thecal surface. There is no observed circulation or residence time around the
feeding appendages at any of the velocities (Fig. 2.2A–C).

2.4.2 Holocystites Trailing Positioned Feeding Appendages
In all simulated current environments (the same as in the erect model), there is a
reduction in velocity as the flow approaches the theca from the direction of the inlet (Fig. 2.3A–
C). The portion of the flow at the crest of the theca is where the greatest fluid velocities are
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found. This area of greatest velocities encompasses the portions of the feeding appendages most
proximal to the theca. Due to their bent posture, the distal portion of the feeding appendages
extend out of the area of greater velocities. In the immediate downstream wake of the theca, low
velocity circulation is observed as eddies form against the leeward side of the theca. The center
of circulation of these eddies appears to occur just below the oral surface and approximately .02
cm leeward of the thecal surface (Fig. 2.3A–C).
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Figure 2.2. Streamlines with velocity heat map in the erect model of Holocystites. Each figure
represents a different tested velocity. Recall from figure 1.4 that the oral surface is located at the
center of the origin of the feeding appendages. Distance between streamlines and color indicates
fluid velocity. Streamline direction represents direction of flow. A. 0.20 ms-1. B. 0.10 ms-1. C.
0.05 ms-1. There is no of residence time around the feeding appendages as they are in zone of
greater velocity.
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Figure 2.3. Streamlines with velocity heat map in the trailing model of Holocystites. Each figure
represents a different tested velocity. Recall from figure 1.4 that the oral surface is located at the
center of the origin of the feeding appendages. Distance between streamlines and color indicates
fluid velocity. Streamline shape represents direction of flow. At all inlet velocities circulation on
the downstream side is observed. A. 0.20 ms-1. B. 0.10 ms-1. C. 0.05 ms-1. Again, there is no of
residence time around the feeding appendages as they are in zone of greater velocity.

43

2.4.3 Eumorphocystis
Observed streamline patterns (Fig. 2.4A–C) across all inlet velocities for Eumorphocystis
show a decrease in velocity as the flow approaches the upstream side of the stem and theca.
Streamlines of greater velocity are observed above the theca with lesser velocities below. The
near symmetrical wake to the leeward side of the stem shows reduction in velocity. The surfaces
of the feeding appendages, which are exposed directly to the flow, show a reduction in velocity
in their downstream wake. The downstream wake of the theca shows reduction in velocity
centered among the proximal ends of the feeding appendages, nearest to the oral surface. In
addition to this, a weak circulating motion on the immediate leeward side of the stem is seen
(Fig. 2.5). An increase in this upward component occurs approximately at onset of curvature in
the stem. In the immediate downstream wake of the theca, where velocities are lowest, vector
direction shows circulation at all inlet velocities. As inlet velocities are increased, noticeable
backflow encompasses the crown of the theca and oral area (Fig. 2.6A–C).
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Figure 2.4. Streamlines with velocity color map in Eumorphocystis at varying velocities. Each
figure represents a different tested velocity. Distance between streamlines and color indicates
fluid velocity. Streamline curvature and direction represents direction of flow. Vertical
components of flow are visible to the downstream side of the stem across all inlet velocities. A.
0.20 ms-1. B. 0.10 ms-1. C. 0.05 ms-1. Vertical elements of flow are visible in the immediate
downstream wake of the stem across all inlet velocities.
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Figure 2.5. Vectors of velocity at .10 ms-1 in Eumorphocystis. Ascending vortices are visible to
the downstream side of the stem.
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Figure 2.6. Vectors of velocity across the theca of Eumorphocystis. The theca and threedimensional volume within the feeding appendages have been bisected by a plane on the ZX axis
to enhance visualization of internal circulation. A. 0.20 ms-1. This image shows the greatest
amount of back flow over the theca. Circulation appears to have remained constant. B. 0.10 ms-1.
Backwards flow has increased and can be seen over the surface of the theca. Circulation appears
to have not increased. C. 0.05 ms-1.Some backwards flow is visible in the oral area, as well as
circulation in the void space directly downstream of the theca.
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2.5 Discussion
2.5.1 Holocystites
The presented results of the Holocystites models do not indicate that their morphology
was used to actively direct fluid flow to the feeding appendages (i.e. active filter feeding ability).
There are no observable vortices or eddies in proximity to the feeding appendages which might
create residence time to increase the chance of particle interception (Shimeta & Jumars 1991;
Vogel 1996). The trailing arm position does allow the distal portion of the feeding appendages to
reach beyond the areas of greatest velocity associated with the crown of the theca. Given the
proximity of the anus and mouth in many diploporans, this zone of greater velocity could be
beneficial for the transport of waste away from the oral surface (Rahman 2015). Differences
between the erect (Fig. 2.2) and trailing (Fig. 2.3) arm positions appear to be negligible in regard
to feeding. The trailing arm position did displace the center of circulation in the downstream
wake when compared to the erect position. This difference does not have an observable effect on
feeding but could be considered in future work that focuses on respiratory function and
efficiency.
Due to a lack of preserved feeding appendages in the fossil record of Holocystites, it is
difficult to identify a specific feeding strategy. Particle velocity is independent of efficiency in
the direct interception mode of suspension feeding, though in the case of inertial impact
efficiency is directly related to particle velocity (Shimeta & Jumars 1991). The feeding
appendages of both models were located in areas of higher flow velocity. It is a strategy for
modern suspension feeders to elevate feeding appendages to zones of high flow and thus nutrient
availability (Rahman et al. 2015). Further support can be drawn by what is known of the
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paleoecological settings this specimen lived in. The shallow waters associated with the carbonate
hardground would have likely provided sufficient current velocities for impaction.

2.5.2 Eumorphocystis
The flow pattern leeward of the stem of Eumorphocystis, which is present in all tested
inlet velocities (Fig.2.4A–C), shows the generation of ascending vortices. Ascending vortices are
commonly found in the wake of cylindrical objects and have been observed to support
suspension feeding strategies in multiple organisms (Carey 1983; Chance & Craig 1986; Johnson
1988, 1990). This vertical component of flow follows the contour of the stem towards the theca
and feeding appendages. Consistent with Bernoulli’s principle, the fluid flow above the theca is
greater than that below, likely generating lift. The zone of low velocity in the immediate
downstream wake of the theca would likely be beneficial for suspension feeding as it protects
feeding surfaces from greater velocities. This shielded volume would help to prevent captured
food particles from being dislodged.
Velocity vectors within the volume encompassed by the feeding appendages indicate
flow directions both perpendicular to the inlet flow as well as opposite to inlet flow (Fig. 2.6A–
C). These appear to be generated, in some part, by the interaction of the fluid with the proximal
end of the feeding appendages and flow around the theca. This circulation would increase
residence time for food particles, which increases the chance of particle capture. Due to the
simplified model, the effect that numerous pinnules would have on this interior volume is
unclear. The pinnulate morphology of the feeding appendages of the crinoid Encrinus liliiformis
as modeled by Dynowski et al. (2016) is similar to that of Eumorphocystis. Given that similar
patterns of backward flow were observed, it seems likely that this would still be observed in this
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model. The low velocities and increased residence time within this volume would likely favor a
direct interception method of suspension feeding in Eumorphocystis.
The topic of Eumorphocystis and its phylogenetic relationship to crinoids has been
debated in recent years (Sheffield & Sumrall 2019a, 2019b; Deline et al. 2020; Guensburg et al.
2021). Therefore, it bears mentioning the similarities to the results of this study and those of
Dynowski et al. (2016). The feeding appendages of E. liliiformis were modeled in a similar down
current “tear drop” position as Eumorphocystis was in this study. This was done under the
assumption that extinct classes of crinoids inhabiting more dynamic environments would have
displayed different postures than extant crinoids. This was due to the differences in modern
crinoid feeding appendage morphology compared to those in the fossil record. Similar
backwards flows within the interior volume of the feeding appendages were observed in E.
liliiformis as were observed with Eumorphocystis. It was not within the scope of this study to
make a case of whether or not Eumorphocystis is more closely related to crinoids, but the
similarities in its similarities in feeding between the two should be noted.
It is important to note that these models do not represent exact conditions found in nature
and are idealized. Simplifications to the morphology and an idealized flow regime were chosen
in consideration of computational limitations. In life mode, sea floor roughness would create
turbulence, as well as fluid interactions with nearby organisms. Future directions for this work
would focus on reducing morphological simplification and modeling communities, rather than an
individual.
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2.6 Conclusion
Little is known about blastozoan echinoderm feeding strategies, and even less so about
diploporans. This gap in knowledge is primarily due to a lack of preservation of the feeding
appendages and is further compounded by a lack of extant modern analogs for comparison.
Nearly all blastozoan echinoderms are thought to have been suspension feeders (Sprinkle 1972;
Paul 1977). The fossil record of suspension feeding structures, in the limited number of samples
that preserve these features, in echinoderms shows increasing food gathering ability via
increased size of food gathering morphology and by the Silurian echinoderm communities had
likely begun to partition resources vertically in the water column (i.e. tiering) (Paul 1977; Brett
1981, Frest et al. 2011). Holocystites and Eumorphocystis represent middle Silurian and Late
Ordovician diploporans (respectively). Both are observed in the fossil record to have enlarged
feeding appendages via either larger feeding appendage structures (Holocystites) or increased
surface area via pinnules (Eumorphocystis) (Parsley 1982; Frest et al. 2011). These two
diploporans, not closely related or sharing geographic or temporal overlap, appear to have
independently increased the size and complexity of their feeding appendages, conforming to the
patterns of size of feeding appendages seen in other echinoderm feeding structures.
This CFD analysis, using models of Holocystites and Eumorphocystis, is the first one that
has been performed on diploporan echinoderms. By utilizing newly discovered preservation of
feeding appendages in the Holocystites Fauna (in a specimen of Triamara), I reconstructed the
feeding appendages of Holocystites. The relatively large size of the feeding appendages in the
Holocystites Fauna would have likely been beneficial in suspension feeding. Holocystites,
bearing relatively large feeding appendages was likely suspension feeding by method of inertial
impaction. This is evidenced by the increased area of flow and velocity around the feeding
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appendages. Enlarged feeding appendages would have created greater divergence in fluid flow
(i.e. increasing chances of impaction), as well as an increased feeding surface area for impaction
of nutrient particles. Eumorphocystis models indicate that the organism likely suspension fed by
way of direct interception, as evidenced by the pinnulate morphology and the increased residence
time observed in this area. The trailing vortices observed in the model would have directed flow
toward the feeding appendages, which would have also allowed sampling from a greater area of
the water column. Flow patterns found in this model of Eumorphocystis bear a similarity to CFD
studies performed on extinct crinoids of the Mesozoic. This similarity in feeding is of interest,
given the recent phylogenetic studies that have placed Eumorphocystis as a sister taxon to
Crinoidea.
This study visualized feeding modes in solitary models of diploporan echinoderms and
allowed comparison to the functional morphology of other echinoderms. Future directions of this
work would center on modeling reefal communities rather than solitary individuals. This will
allow for better understanding of tiering strategies in the reefs of the Paleozoic.
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